Mental states such as stress and anxiety can cause heart disease. On the other hand, meditation can improve cardiac performance. In this study, the heart rate variability, directed transfer function and corrected conditional entropy were used to investigate the effects of mental tasks on cardiac performance, and the functional coupling between the cerebral cortex and the heart. When subjects tried to decrease their heart rate by volition, the sympathetic nervous system was inhibited and the heart rate decreased. When subjects tried to increase their heart rate by volition, the parasympathetic nervous system was inhibited and the sympathetic nervous system was stimulated, and the heart rate increased. When autonomic nervous system activity was regulated by mental tasks, the information flow from the post-central areas to the pre-central areas of the cerebral cortex increased, and there was greater coupling between the brain and the heart. Use of directed transfer function and corrected conditional entropy techniques enabled analysis of electroencephalographic recordings, and of the information flow causing functional coupling between the brain and the heart. mental task, autonomic nervous system, cerebral cortex, heart rate variability, information flow
Mental states such as stress and excitement can increase the risk of malignant arrhythmia and sudden cardiac death in patients with organic or ischemic heart disease. The interactions between the central and autonomic nervous systems have therefore attracted increasing attention. Complex interactions exist between the autonomic nervous system and various areas of the brain [1] . Stimulation of the cortex may activate the autonomic nervous system, resulting in changes in heart rate (HR) and blood pressure [2] . Different stresses may induce different patterns of autonomic activity [3, 4] .
Extensive human and animal research has found that autonomic nervous system activity is influenced by various parts of the cerebral cortex, including the forebrain and post-central areas. For example, functional neuroimaging and near-infrared spectroscopy studies found that the anterior cingulated cortex and prefrontal cortex were associated with stress-induced changes in sympathetic activity [5, 6] . During lower body negative pressure experiments in which subjects were asked to perform decision-making tasks, the sympathetic skin response was associated with significant activity in the extrastriate visual cortical areas and parietal lobes, suggesting involvement of the post-central areas in the control of peripheral autonomic function [2, 7] . However, the coupling patterns between the brain and the heart associated with sympathetic and parasympathetic activity have not been systematically studied.
The cortex plays a regulatory role in heart function, and receives feedback from the heart. Some researchers have used a combination of electroencephalographic (EEG) and electrocardiographic (ECG) recordings to guide decision making during surgical rehabilitation [8, 9] . However, EEG and ECG recordings have only been used in isolation, and the relationships between these recordings have not been studied. A number of approaches have been proposed for the study of EEG activity, such as cross-correlation, spectral coherence and synchronization [1012] . These techniques can show the connections among different brain areas, but cannot show the direction of information flow during functional coupling of EEG rhythms. In recent years, some researchers have used the directed transfer function (DTF) technique to show both the direction and strength of functional coupling. DTF has been widely applied to the analysis of neurophysiological signals, and has been used to estimate the direction of cortico-cortical and cortico-muscular information flow in experimental settings. The results were found to be consistent with the clinical diagnoses, and the technique was considered to be clinically effective and practical [13, 14] . The DTF algorithm is based on the principle of causality, and initial analysis of two variables is subsequently extended to multiple variables. DTF is a linear analysis method based on the multivariate autoregressive (MVAR) model, and is useful for characterization of the interaction patterns among neurons in different states, and for determination of the directional impact of multivariate data between any two channels. DTF can provide a more rapid and direct reflection of brain functional coupling than conventional methods [15] . Faes et al. proposed the corrected conditional entropy (CCE) technique for the detection of nonlinear causality between dynamic systems [16] . This method has achieved better causal coupling values in visual-tactile cognitive magnetoencephalographic data analysis than DTF. Although numerous methods of EEG analysis are available, very few can analyze relationships between the brain and the heart. Most of these methods use statistical correlation analysis. In this study, we used DTF and CCE to investigate functional coupling in the cortex and directional features between the EEG and the RR interval of the ECG during volitional control of HR.
Materials and methods

Subjects
Fifty-four healthy male subjects, aged 22-27 years, voluntarily participated in the study. The subjects were asked to perform a task designed to decrease their HR by volition (HR slow task), followed by another task designed to increase their HR by volition (HR fast task). The subjects were instructed to avoid alcohol, tea, coffee and strenuous exercise for 12 h before the experiment, and they were carefully screened by obtaining a medical history and performing a physical examination. The study protocol was approved by the Xi'an Jiaotong University Ethics Committee, and written informed consent was obtained from each subject after the experimental protocol had been explained.
Experimental protocol
All experiments were performed between 7 and 10 p.m. Both the HR slow and HR fast tasks were performed in a quiet laboratory with the temperature controlled to 23±1°C.
Baseline recordings were performed before the tasks were started. The RR intervals on the ECG were sent to a stimulus computer that produced auditory feedback sounds. The sounds corresponded to the HR, but were 10% slower during the HR slow task and 10% faster during the HR fast task ( Figure 1A ). The volitional command to decrease or increase the HR was guided by these sounds ( Figure 1B) .
The experimental protocol is shown in Figure 2 . In the normal state, subjects simply relaxed and tried not to think of anything while sitting for 5 min. During the baseline recordings, subjects listened to the sounds and subvocalized "one" with each sound, but did not think specifically about the heart and did not send a volitional command to the heart. During the HR slow task, subjects first performed the baseline task for 5 min, followed by 10 min of rest. They were then asked to concentrate on their heart and decrease their HR by volitional commands from the brain that were guided by the slower "beat" of the sounds. During the baseline and volitional tasks, the EEG and ECG were recorded simultaneously. The HR fast task followed the same protocol as the HR slow task, except that the volitional commands were guided by faster sounds.
Data acquisition
The EEG was recorded using a Neuroscan 32 channel system (Neuroscan, USA). The cap electrodes were positioned according to the international 10-20 system, and the electrode impedances were below 5 kΩ per site. The EEG was recorded at 18 scalp locations: left and right frontal (FP1, FP2), mid-frontal (FC3, FC4 and FCz), central (C3, C4 and Cz), parietal (P3, P4 and Pz), occipital (O1, O2 and Oz) and temporal (FT7, FT8, T7 and T8). All electrodes were referenced to linked ear lobe electrodes.
Surface Ag/AgCl electrodes were attached to the chest to record the ECG (one electrode was placed over the right clavicle and one over the left ribs, and the grounding electrode was placed over the lower right ribs). Physiological signals were filtered by a band pass filter from 0.01 to 100 Hz. The signal was sampled at 500 Hz and digitized by a 16-bit processor.
Data analysis
The algorithm based on wavelet transforms was used to obtain the RR intervals from the ECG. The HR was estimated from the RR intervals. Cardiac autonomic activity was assessed by power spectral analysis of the RR intervals, termed the heart rate variability (HRV). The magnitudes of the spectral frequencies of HRV are widely considered to reflect sympathetic and parasympathetic tone [1719]. The spectral power of the HRV was calculated in the low frequency (LF: 0.04-0.15 Hz) and high frequency (HF: 0.15-0.4 Hz) ranges [20, 21] . The fluctuation of HR in the LF range is influenced by the baroreceptor system, and reflects both sympathetic and parasympathetic activity [22] . The fluctuation of HR in the HF range is mainly related to parasympathetic efferent activity. The LF-to-HF ratio (LF/HF) reflects sympathetic outflow [2325] . To minimize the effects of total power on the LF and HF components, these values were calculated in proportion to the total power in the frequency range from 0.04 to 0.4 Hz, and the power was expressed in normalized LF (nuLF) and normalized HF (nuHF) units [24] .
The DTF based on the MVAR model is useful for determining the causal interaction patterns between neurons, and has been used to estimate the direction of cortico-cortical and cortico-muscular information flow in previous experiments [26] . According to the standardized rules published by Kaminski and Blinowska, the EEG data should be preliminarily normalized by subtracting the mean value and dividing by the variance before computing the DTF [27] . The MVAR model uses the following equation: To investigate the spectral properties of the examined process, the MVAR model is transformed to its frequency domain using the equations:
where t  is the temporal interval between two samples. The transformed MVAR model can then be rewritten as
The DTF from the jth to the ith channel was defined as
DTF is a normalized value ranging from zero to one. As the transfer function H(f) is not a symmetric matrix, the difference between ( ) ij f CCE based on embedding the multivariate time series is used to detect nonlinear causal interactions between dynamic systems. It has been successfully used for assessment of cardiovascular regulatory mechanisms, such as analysis of the variability in heart period, arterial pressure and respiratory rate; and investigation of the information flow across brain areas using multichannel scalp EEG recordings 28. First, a set of candidate components were defined as S. 
Starting with an empty embedding vector V 0 , and computing the conditional entropy
is one of the elements of S; for each possible z, the candidate that minimizes CE is retained, to get
The minimum CCE estimated as the output of the embedding procedure quantifies the unpredictability of the target series y j as the information carried by y j is not explained by the considered set of candidate components. This information is denoted as ( | ) 
In this study, the model order was 7, as estimated by the Akaike criterion suggested in previous DTF studies [26, 27] . EEG data from 18 electrodes were simultaneously entered into the MVAR model for computation of the directionality of the functional cortical coupling for all the pair combinations of these electrodes in the alpha and beta bands. The RR intervals and wavelet packet parameters of the EEG corresponding to each RR interval were used to compute the strength of coupling between the brain and the heart. The RR intervals and corresponding wavelet packet parameters were interpolated at one-second intervals by cubic spline interpolation, and the CCE was calculated. The results were expected to reflect the coupling strength from brain to heart and from heart to brain.
Results were analyzed with the paired t-test using SigmaPlot software. P<0.05 was considered statistically significant. Data are presented as mean±standard error of the mean.
Results
HR and HRV
During the HR slow task, the HR, LF/HF and nuLF decreased significantly (P<0.01), and HF, nuHF and total power increased significantly (P<0.01) compared with baseline values (Table 1) . These results indicate that the HR can be decreased by volition, by decreasing sympathetic activity and increasing parasympathetic activity. During the HR fast task, the HR was significantly higher (74±1.6 beats min 1 ) than at baseline (71±1.5 beats min 1 ).
The LF/HF and nuLF increased significantly, and HF and nuHF decreased significantly (P<0.05) compared with baseline values (Table 2 ). These results show that sympathetic activity increased and parasympathetic activity decreased when the HR was increased by volition. -test) . HRV, heart rate variability; HR, heart rate; TP, total power; HF, high frequency; LF, low frequency; nuHF, normalized high frequency; nuLF, normalized low frequency; LF/HF, LF-to-HF ratio. -test) . HRV, heart rate variability; HR, heart rate; TP, total power; HF, high frequency; LF, low frequency; nuHF, normalized high frequency; nuLF, normalized low frequency; LF/HF, LF-to-HF ratio.
Information flow among brain areas
During the HR slow task, the DTFdiff values from Pz to FC3, C3, C4, T7 and P3 and from P4 to C4 were all positive. These DTFdiff values all increased significantly in the alpha band compared with baseline values. In the beta band, the DTFdiff values from Pz to P3 and C4 increased significantly. During the HR fast task, the DTFdiff values from Pz to FC3, FC4, C3, C4, T7, T8 and P3 and from P4 to FC3, FC4, C3 and C4 increased significantly in the alpha band compared with baseline values. The DTFdiff values from Pz to FC3, C4 and T7 and from P4 to FC3 and FC4 increased significantly in the beta band. These results show that the direction of information flow was predominantly from the parietal areas to the central and pre-central areas when the HR was controlled by volition (Tables 3 and 4 ; P<0.05).
Coupling strength between the brain and the heart
During baseline and volitional control recordings, the coupling strength from brain to heart was significantly higher than the coupling strength from heart to brain (Figure 3 ). When the HR was decreased or increased by volition, the interactions between the brain and the heart tended to increase compared with baseline values, and there was a significant increase in coupling strength from Pz to the heart. These results indicate that the parietal areas were involved in processing volitional control and coupling between the brain and the heart.
Discussion
Autonomic nervous system activity affects the HR. Many non-pharmacological therapies used for treating cardiac arrhythmias affect the autonomic nervous system [29] . Qigong, yoga and acupuncture can change cardiac performance via autonomic nervous system pathways [3033]. Learning and reward biofeedback mechanisms can be used to effectively treat cardiovascular diseases [34, 35] . In this study, the HR was changed by volition. There was a significant decrease in HR during the HR slow task and a significant increase in HR during the HR fast task. The coupling strength from the parietal cortex to the heart was increased during these experiments. This may also be a useful method of changing autonomic nervous system activity in other related studies.
Although some researchers have suggested that all the frontal and post-central areas are associated with autonomic nervous system activity, the precise interactions between the anterior and posterior areas of the cerebral cortex that influence sympathetic and parasympathetic activity remain unclear. Anatomical studies indicate high connectivity be- tween the frontal and posterior areas of the cerebral cortex [36] . In this study, the DTF method was used to investigate the functional relationships between different areas of the cortex. Our results showed increased flow of information from the parietal areas to the pre-central areas during the experiments. The parietal areas were the "source" locations of information outflow during the volitional control tasks. These findings indicate that during the volitional control of HR, the dominant direction of information flow was from the parietal areas to the sensorimotor cortex, suggesting that the parietal areas play an important role in triggering the sensorimotor cortex and integrating information. The brain usually regulates cardiovascular function via the autonomic nervous system and the endocrine system. Interactions between the brain and the heart regulate cardiac activity and vasomotor function in response to stimuli such as strenuous exercise, panic, environmental stress and emotional changes. Many studies have investigated the brain areas that may influence cardiovascular function, and the feedback from the heart to the brain [2, 7] . However, the functional coupling patterns between brain and heart activity have not been adequately studied. To investigate the functional relevance of coupling between the brain and the heart, CCE based on embedding the multivariate time series was used to detect nonlinear causal interactions between the brain and the heart. This method has been successfully used for assessment of cardiovascular regulatory mechanisms, such as analysis of the variability in heart period, arterial pressure, and respiratory rate; and investigation of the information flow across brain areas [28] . ECG data cannot be used in isolation to investigate the information flow between the brain and the heart, because the autonomic nervous system regulates cardiac performance by changing the RR interval. EEG activity was reported to be synchronized to the cardiac cycle and fluctuations in HRV [37] . Our preliminary findings showed correlation between the wavelet packet power of the EEG and the HRV [38, 39] . We therefore used the wavelet packet power of the EEG and the RR intervals to demonstrate connectivity between the brain and the heart in this study. Our results show that the coupling strengths from brain to heart and from heart to brain were both increased during the volitional control tasks. Information flow from the "source" location to the heart increased significantly. The coupling strength was greater from brain to heart than from heart to brain at baseline as well as during the volitional control tasks. Using the partial directed coherence method, Abukonna et al. found that the information flow from the parietal area to the heart increased during volitional control [38] . Performance of mental arithmetic was also found to increased the coupling strength between the parietal area and the heart [39] . Our results indicate that volition changes the coupling strength, and can decrease or increase the HR by changing sympathetic and parasympathetic activity. The DTF and CCE methods are expected to become the index methods for detecting functional coupling between different brain areas, and information flow between the brain and the heart. Several functional brain imaging studies demonstrated gender differences in regional brain activity during different cognitive tasks [40] . Therefore, all the subjects in this study were healthy males. Further studies, using a wider range of subjects including females, are necessary to confirm our conclusions. 
